INTRODUCTION
Lung cancer is the leading cause of cancer-related death in the US.
[1] In 2015, an estimated 158,040 people will die from lung cancer in this country, accounting for 27% of all cancer deaths.
[2] In addition, another 221,200 cases are expected to be newly diagnosed. Although these numbers are declining, only 17% of new cases will survive 5 years post-diagnosis.
[2] The 5-year survival rates of advanced or metastatic lung cancers are especially poor; stage IIIB and stage IV tumors are associated with 5-year survival rates of 5% and 1%, respectively.
In tumors initiated and/or supported by this pathway, the RTK is the predominant activator of downstream signaling, and inhibition of the mutant kinase can suppress signaling, leading to cell arrest.
[13]
Prevalence of EGFR mutations in NSCLC
The heterogeneity of NSCLC tumors reflects underlying differences in the natural history of each tumor. [7] Recent advances in understanding the link between histology subtypes and treatment efficacy has improved prognosis for patients with historically difficult-to-treat tumors. [7, 13] In particular, characterization of molecular markers in NSCLC (including EGFR mutations) has informed clinical decision making and led to better treatment options for patients with advanced disease. [7] The most common mutations in the EGFR gene associated with NSCLC are an activating point mutation (L858R) in exon 21 and in-frame deletions within exon 19.
[7] Together, these mutations account for 85% of EGFR mutations in NSCLC [ Figure 1 ]. [ 
14]
Both L858R and exon 19 deletions are associated with constitutive kinase activity in EGFR.
[14 ] The prevalence of these mutations varies according to ethnicity and tumor etiology. In patients of East Asian origin, EGFR mutations are detected in 20-40% of tumors. [14, 15] The prevalence is considerably lower in Caucasians (15-20%) and in African Americans (12%).
[ [14] [15] [16] However, these mutations become even more prevalent among patients who never smoked: 75-80% of non-smoker Asian patients, approximately 40% of never-smoker Caucasian patients, and approximately 65% of neversmoker African American patients. [15, 16] Other point mutations (e.g. G719S, L861Q) that activate the kinase domain are detected at lower rates. 
Clinical characteristics of patients
Mutations in the EGFR gene are more common in NSCLC tumors with adenocarcinoma histology and in those who never smoked.
[15] Female patients and patients with Asian ethnicity are also more likely to have tumors with mutations in the EGFR gene. 
EGFR MUTATION TESTING IN NSCLC
Oncologists treating patients with NSCLC should know which patients are likely to have EGFR mutations, but testing should not be limited to patients with clinical characteristics or those who fall within certain demographics.
[15] Guidelines from several professional societies including the College of American Pathologists, International Association for the Study of Lung Cancer, the Association for Molecular Pathology, and the National Comprehensive Cancer Network recommend such as adenocarcinoma, squamous cell, or large cell carcinoma can provide additional guidance on prognosis and treatment practices. [7] Adenocarcinoma is the most common form of lung cancer in the US. It most commonly occursin a peripheral location and is marked by mucin production, glandular differentiation, or both.
[6] Squamous cell carcinoma typically develops centrally, although these tumors can also be found in the periphery of the lung. [6] Tumors are classified as NSCLC large cell carcinoma when they do not exhibit the histologic, cytologic, or immunohistochemical markers of adenocarcinoma, squamous cell carcinoma, or small-cell lung cancer.
A number of biomarkers have emerged as predictive markers for NSCLC. More than 60% of patients (n = 733, 60% of whom were women and 33% of whom were never-smokers) with lung adenocarcinoma in the Lung Cancer Mutation Consortium trial harbored mutations in known oncogenic drivers. Of these, 17% had sensitizing epidermal growth factor receptor (EGFR) mutations.
[8] Practice guidelines from several associations recommend genetic testing to ascertain EGFR mutation status to guide optimal treatment selection for patients with advanced adenocarcinoma. This review aims to examine the prognostic impact of EGFR mutations in NSCLC patients and compare responses and patient's survival to different EGFR inhibitor drugs and chemotherapy regimens.
EGFR IN ADVANCED LUNG ADENOCARCINOMA
EGFR is a member of the ErbB family of receptor tyrosine kinases (RTK). Activation of the receptor initiates a cascade of downstream signaling molecules, leading to cell growth and survival.
[12] This process is tightly regulated in non-transformed cells. However, constitutive activation of these pathways leads to dysregulated cell growth and proliferation, angiogenesis, and metastasis, while repressing apoptosis.
[12]
Genomic damage can introduce mutations that mimic kinase activation or result in higher expression levels of EGFR. Mutations in the tyrosine kinase domain, for example, alter the protein conformation and permit kinase activity.
[12] These conditions activate the downstream signaling cascade in the absence of ligand, regardless of negative regulators. Known mechanisms for the oncogenic dysregulation of EGFR include EGFR gene mutation, the overexpression of EGFR protein, and increased gene copy number. [12] that molecular testing be a part of the routine diagnostic tests offered to patients with lung cancer.
[9,11] Tumor histology, specifically the presence of adenocarcinoma components, should lead the decision to test for EGFR mutations.
[11] All patients who have any component of adenocarcinoma histology should be tested for EGFR mutations.
[7,9,11] In addition, patients with squamous histology without a significant smoking history as well as patients with mixed histology or small biopsies for which the precise histologic diagnosis may be difficult should also be tested. [9] Confidence in this histologic diagnosis depends in part on the size of the tissue sample submitted for analysis. For specimens derived from surgical resection, tumor tissue from adenocarcinomas and from mixed lung cancers with an adenocarcinoma component should be tested, regardless of histologic grade.
[11] However, EGFR testing is not recommended for resection tissue that lacks any adenocarcinoma component, such as pure small cell carcinomas, pure squamous cell carcinomas, or large cell carcinomas lacking immunohistochemical evidence of adenocarcinoma differentiation. If only a small biopsy specimen was used to assess histology or if the histology is mixed, EGFR mutation testing is not usually recommended in patients with pure squamous cell carcinoma unless the patient has other clinical criteria (e.g. young age, lack of smoking history) that may indicate an underlying EGFR mutation. According to current guidelines, either the primary tumor or a metastatic lesion can be used for EGFR testing, but testing multiple samples from a single tumor is not necessary.
[11]
Interpreting testing results
Although activating mutations in EGFR have a profound impact on prognosis and treatment strategies, not all mutations within the EGFR gene activate the kinase domain, nor are they all sensitive to approved EGFR tyrosine kinases inhibitors (TKIs).
[13] To clarify the difference, EGFR mutations associated with response to EGFR TKIs are called sensitizing mutations.
[12]
Exon 19 deletions and the L858R mutations are both sensitizing mutations.
Tumors may acquire mutations that confer resistance to EGFR TKI therapy, either before or after treatment with these agents.
[12] Resistance to EGFR TKIs is associated with exon 20 in-frame insertion mutations and the exon 20 point mutations S768I and T790M, among others. Resistance mutations develop in almost all patients after EGFR TKI treatment due to selective pressure for cancer cells that can grow and divide during therapy.
[12] Because of the potential for confusion between sensitizing and resistance mutations in EGFR, reports from EGFR testing analyses should clearly present the results and interpretation for oncologists and non-specialist pathologists.
FIRST-LINE TREATMENT REGIMENS FOR PATIENTS WITH EGFR-MUTATED DISEASE
Three small-molecule inhibitors have demonstrated progression-free survival (PFS) benefit in patients with sensitizing mutations in EGFR: gefitinib, erlotinib, and afatinib. [19] Gefitinib and erlotinib are reversible EGFR TKIs that compete with adenosine triphosphate (ATP) for binding to the tyrosine kinase domain on EGFR. Afatinib has higher affinity for the catalytic domain and forms an irreversible covalent bond at the ATP-binding site.
[19] Afatinib can also inhibit human epidermal growth factor receptor 2, which can heterodimerize with EGFR. [12, 19] These oral medications are administered as oncedaily regimens. For tumors with sensitizing mutations in EGFR, first-line treatment with EGFR TKIs is associated with higher overall response rates, longer PFS, and better quality of life compared with patients on chemotherapy.
[ [23] [24] [25] [26] On the screens that follow, we summarize phase 3 trials that have compared treatment with TKIs and chemotherapy regimens.
Gefitinib
Gefitinib was first approved by the US FDA in 2003 as monotherapy for patients with locally advanced or metastatic NSCLC after failure of both platinum-based and docetaxel therapies.
[27] However, the impact on overall survival remained unproven and, as a result, the FDA limited its indication to the continued treatment of patients with locally advanced or metastatic NSCLC after failure of both platinum-based and docetaxel chemotherapies who were benefiting or had benefited from gefitinib. In July 2015, new data led to the FDA approval of gefitinib for first-line treatment in patients with NSCLC whose tumors harbor the EGFR exon 19 deletion or exon 21 substitution mutations.
[28] This approval was based on a study in which a total of 106 patients with previously untreated, EGFR mutation-positive metastatic NSCLC were treated with 250 mg of gefitinib once daily.
[28] The primary endpoint of the study was objective response rate, and results showed that tumors shrank in about 50% of patients after treatment, an effect that lasted an average of 6 months. Response rates were similar in patients whether their tumor had the exon 19 deletion or the exon 21 substitution. A retrospective analysis of another clinical trial reviewed the data of 186 patients who received first-line gefitinib or up to 6 cycles of carboplatin plus paclitaxel. The results suggested an improvement in PFS for patients in the gefitinib group. [28] In addition, the FDA approved a companion diagnostic test to guide the use of gefitinib in the treatment of patients with advanced NSCLC. This EGFR real-time polymerase chain reaction kit can help identify patients with tumors that have the EGFR mutation and enable clinicians to determine which patients are appropriate for gefitinib treatment.
[28]
Iressa Pan-Asia Study
In the large, open-label, parallel-group study Iressa PanAsia Study (IPASS), 1,217 patients with stage IIIB or IV NSCLC with histologic features of adenocarcinoma who were nonsmokers or former light smokers were randomized to receive gefitinib or carboplatin plus paclitaxel.
[24,29] Study participants were enrolled from 87 centers in Singapore, Hong Kong, China, Taiwan, Malaysia, Japan, Philippines, and Thailand.
[24] This trial met its primary endpoint of noninferiority of the difference in PFS between the 2 study groups. The median PFS was 5.7 months in the gefitinib group and 5.8 months in the carboplatin-paclitaxel group [ Table 1 ]. Gefitinib was associated with higher rates of PFS at 12 months (24.9% vs. 6.7% with carboplatin-paclitaxel, respectively), higher objective response rates (71.2% vs. 47.3% with carboplatin-paclitaxel, respectively; P < 0.001), and fewer grade 3 or 4 adverse events (28.7% vs. 61.0% with carboplatin-paclitaxel, respectively). Subgroup analyses indicated that the benefit of gefitinib relative to chemotherapy was dependent on the mutation status of the patient. Gefitinib was associated with longer PFS in patients with tumors positive for EGFR mutation or of unknown EGFR mutation status, but was inferior to chemotherapy in participants without sensitizing EGFR mutations. An updated analysis for overall survival (OS) later found no statistical difference between gefitinib and carboplatin.
[29] The median OS was 18.8 months vs. 17.4 months for gefitinib and carboplatin-paclitaxel, respectively; the median follow-up was 17.0 months. However, a substantial proportion (64.3%) of study participants who received first-line chemotherapy received TKIs after their randomly assigned treatment. This crossover population may have confounded the effect of first-line treatment on OS.
[29]
First-SIGNAL A smaller study, the open-label, parallel-group, randomized, multicenter, phase 3 First-SIGNAL, evaluated the efficacy, safety, and quality of life of gefitinib treatment compared with gemcitabinecisplatin chemotherapy in never-smoker Korean patients with stage IIIB or IV lung adenocarcinoma.
[23]
The 309 study participants received first-line gefitinib or chemotherapy. As in IPASS, participants were able to receive additional therapies after discontinuation of the first-line therapy; 65% of those randomized to the gefitinib group received platinum-based chemotherapy, whereas 75% of those randomized to the gemcitabinecisplatin group later received an EGFR TKI. Median OS, the primary endpoint, was 22.3 months and 22.9 months in the gefitinib and gemcitabine-cisplatin arms, respectively, during a median follow-up of 35 months [ Table 2 ]. The difference between the 2 groups was not significant. Analysis of PFS also failed to demonstrate a significant difference between the study treatments. The incidence of grade 3 or 4 adverse events was significantly lower in the gefitinib group than it was in the gemcitabine-cisplatin group (P < 0.001).
[23]
WJTOG 3405
The open-label, randomized, multicenter, phase 3 trial WJTOG 3405 compared first-line gefitinib with cisplatin-docetaxel in Japanese patients with advanced or recurrent NSCLC that harbored activating EGFR mutations.
[25] Among the modified intent-totreat population (n = 172), the gefitinib group had longer median PFS of 9.2 months vs. 6.3 months in the cisplatin-docetaxel group. Subgroup analyses confirmed this trend in longer PFS for participants receiving gefitinib regardless of gender, smoking history, tumor stage, and whether the EGFR mutation was the exon 19 deletion or the L858R substitution. The gefitinib group experienced a higher incidence of grade 3 or higher increases in alanine aminotransferase (ALT) or aspartate aminotransferase (AST), whereas the chemotherapy regimen was associated with grade 3 or higher neutropenia, leukocytopenia, and anemia. 
NEJGSG 002
Similarly, the multicenter, randomized, phase 3 NEJGSG 002 trial evaluated the efficacy and safety of gefitinib and carboplatin-paclitaxel in Japanese patients with advanced NSCLC and sensitizing EGFR mutations.
[26] A total of 224 participants were included in the intent-to-treat population. Gefitinib treatment was associated with longer PFS than carboplatinpaclitaxel (10.8 months vs. 5.4 months, respectively) in the intent-to-treat population. There was no significant PFS difference between patients with the exon 19 deletion and those with the L858R point mutation.
Although patients receiving first-line gefitinib had a numerically longer OS, statistical significance was not reached; 95% of those in the carboplatin-paclitaxel group crossed over to receive gefitinib therapy. The most common adverse events were rash and elevated levels of AST or ALT in the gefitinib group and appetite loss, neutropenia, anemia, and sensory neuropathy in the chemotherapy group. 
Erlotinib
Erlotinib is US FDA approved for the first-line treatment of patients with metastatic NSCLC whose tumors have EGFR exon 19 deletions or L858R substitution mutations as detected by an FDA-approved test; as maintenance treatment for patients with locally [24] and Fukuoka et al. [29] NSCLC: non-small cell lung cancer; PFS: progression-free survival; TKI: tyrosine kinases inhibitor; OS: overall survival; HR: hazard ratio; CI: confidence interval [23] NSCLC: non-small cell lung cancer; PFS: progression-free survival; TKI: tyrosine kinases inhibitor; OS: overall survival; HR: hazard ratio; CI: confidence interval; AST: aspartate aminotransferase advanced or metastatic NSCLC whose disease has not progressed after 4 cycles of platinum-based, first line chemotherapy; and as treatment for locally advanced or metastatic NSCLC after failure of at least 1 prior chemotherapy regimen.
[22] When used in the first-line setting in patients with EGFR sensitizing mutations, erlotinib has been associated with longer PFS than standard chemotherapy.
[22]
OPTIMAL
The OPTIMAL trial was a phase 3, open-label, randomized study performed in China.
[30] The study enrolled 165 participants with advanced or recurrent stage IIIB or IV NSCLC with confirmed activating mutations in EGFR, of whom 154 were included in the PFS analysis. Study participants who received erlotinib had longer mean PFS than those who received chemotherapy [ Table 3 ]. The most common grade 3 or 4 adverse events reported in the erlotinib group were increases in ALT concentrations and skin rash. Subgroup analyses demonstrated consistent PFS benefit regardless of gender, age, histology, or smoking history. The hazard ratio (HR) for PFS differences between erlotinib and chemotherapy for those with EGFR exon 19 mutations was 0.13 (95% CI: 0.07-0.28) and 0.26 (95% CI: 0.14-0.49) for those with exon 21 mutations (i.e. L858R). The most common grade 3/4 adverse events in participants receiving chemotherapy included neutropenia and thrombocytopenia.
[30]
EURTAC
The EURTAC study, performed in France, Italy, and Spain, had a similar study design to OPTIMAL, with an open-label, multicenter, randomized design to assess the safety and efficacy of erlotinib in patients with stage IIIB (with pleural effusion) or stage IV NSCLC.
[31] The 173 enrolled and randomized study participants received first-line erlotinib or standard chemotherapy of cisplatin plus docetaxel or gemcitabine. The median PFS was 9.7 months in the erlotinib group and 5.2 months in the chemotherapy group. In subgroup analyses, erlotinib was associated with significantly longer PFS than chemotherapy regardless of smoking history. The difference between treatments was also significant between erlotinib and chemotherapy regimens among patients with EGFR exon 19 deletions (HR 0.30, 95% CI: 0.18-0.50; P < 0.0001), but not in patients with the L858R point mutation (HR 0.55, 95% CI: 0.29-1.02; P = 0.0539). At the final data cut off, OS was not significantly different between treatment groups); 76% of first-line chemotherapy patients crossed over to receive EGFR TKIs. The most common grade 3 or 4 adverse events in the erlotinib group were rash and increased ALT concentrations, and anemia and neutropenia were observed in the chemotherapy group.
[31]
Afatinib
Afatinib has been associated with a PFS benefit over chemotherapy in the first-linesetting. [32, 33] As an irreversible inhibitor, afatinib has different pharmacokinetics than erlotinib and gefitinib.
[33] The LUX-Lung 3 and LUX-Lung 6 trials compared afatinib with chemotherapy regimens in patients with NSCLC and proven EGFR mutations. [32, 33] A post-hoc analysis of LUX-Lung 2, 3, and 6 trials found that afatinib is active in patients with uncommon EGFR mutations -in particular, G719S, L861Q, and S768I.
[34]
LUX-Lung 3
In this study, afatinib was compared against cisplatinpemetrexed in the LUX-Lung 3 trial. [32, 34] Three hundred forty-five study participants who had advanced lung adenocarcinoma with proven EGFR mutation were randomized to receive either first-line afatinib or cisplatin-pemetrexed in this open-label, randomized, global phase 3 study.
[34] The median PFS was 11.1 months and 6.9 months in the afatinib and cisplatinpemetrexed groups, respectively [ Table 4 ].
[32] A subgroup analysis of PFS by stratified characteristics found persistent benefit regardless of age, gender, race, and performance status, although the number of patients with certain characteristics was too low for meaningful conclusions.
[34] Adverse events that occurred during the trial included diarrhea, rash/acne, and stomatitis/ mucositis in the afatinib group and nausea, decreased appetite, and fatigue in the chemotherapygroup. [32, 35] There were 4 patient deaths during the course of the study that were considered to be possibly related to the study drug.
[34] Of note, high interpatient variability was observed in afatinib plasma levels among study [30] NSCLC: non-small cell lung cancer; EGFR: epidermal growth factor receptor; PFS: progression-free survival; TKI: tyrosine kinases inhibitor; OS: overall survival; HR: hazard ratio; CI: confidence interval; AST: aspartate aminotransferase; NA: not available participants, and dose modifications were required to lower excessive afatinib levels.
[35]
LUX-Lung 6
In the follow-up trial LUX-Lung 6, the efficacy and safety of afatinib were compared with gemcitabine-cisplatin in a randomized, open-label, phase 3 trial conducted in China, Thailand, and South Korea.
[35] LUX-Lung 6 enrolled 364 participants with untreated stage IIIB (with pleural effusion) or IV lung adenocarcinoma that was positive for EGFR mutations. Investigators evaluated the study participants' tumors for EGFR mutations, including but not limited to the L858R point mutation or deletions in exon 19. Median PFS was longer in the afatinib group than it was in the gemcitabine-cisplatin regimen: 11.0 months vs. 5.6 months. Subgroup analysis by EGFR mutation demonstrated that PFS was similar for the two common mutations (exon 19 deletions and L858R). Adverse events in the afatinib group were rash or acne, diarrhea, and stomatitis or mucositis; in the chemotherapy group, the most common adverse events were neutropenia, vomiting, and leucopenia. 
Combined analysis of LUX-Lung 3 and LUX-Lung 6
Investigators analyzed the effect of afatinib on OS in patients with EGFR mutation-positive adenocarcinoma who participated in LUX-Lung 3 and LUX-Lung 6. In this combined analysis, there was a significant OS benefit in favor of afatinib relative to chemotherapy (27.3 months vs. 24.3 months; 95% CI: 0.66-0.99; P = 0.037). This was largely driven by the significant benefit in OS observed in patients with exon 19 deletions. 
NEW HORIZONS
The investigational oral drug AZD9291 is an EGFR TKI that has shown activity against sensitizing EGFR mutations.
[37] In 2015, findings from a phase 1 expansion cohort that enrolled 60 patients were presented at the American Society of Clinical Oncology annual meeting. The study was designed to assess this agent's safety, tolerability, and anticancer activity in the first-line EGFR mutation treatment setting. One-half of the study participants received the 80 mg/day dosage, and the other half received the 160 mg/day dosage. The objective response rate was 73% (95% CI: 60-84), and 3-and 6-month PFS rates were 93% (95% CI: 83-97) and 87% (95% CI: 75-93), respectively. Among both cohorts, only 1 patient experienced a grade 3 skin rash, and 2 patients experienced diarrhea. Because AZD9291 has demonstrated a promising anticancer activity for first-line treatment of EGFR mutated advanced NSCLC with a manageable tolerability profile, a phase 3 study comparing it with erlotinib or gefitinib is underway.
[37]
CONCLUSION
Lung cancer remains the leading cause of cancer deaths in the US.
[1]
In patientswith sensitizing mutations, new treatments such as EGFR TKIs offer superior PFS benefit to carefully selected patients; a recent combined analysis of the two LUX-Lung trials has shown an OS benefit, although this has not been proven in other trials due to the high percentage of cross-over patients in phase 3 trials. [36] Research in the underlying causes of tumor types, particularly in patients without a history of smoking, has identified key mutations that predict sensitivity to therapy with EGFR TKIs. Accurate testing methods are necessary to identify patients who would most likely respond to these treatments.
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